A new method is proposed for the calibration of the sunphotometer.
I. Introduction
Concerns about the role of aerosol optical properties in the atmosphere and their effects on local and global climate have led to widespread use of sunphotometers. [1] [2] [3] [4] [5] [6] The 
II. Theoretical Basis
The Langley-plot method is based on Beer's law:
where F and F0 are intensities of solar radiation received at the bottom and top of the atmosphere, respectively, m is the optical air mass, and r is the normal optical thickness of the atmosphere.
The extrapolation of the plot of 1nF vs m to the m = 0 point allows us to know the radiometer reading at the top of the atmosphere, i.e., the calibration constant, if the atmosphere is horizontally homogeneous and the optical thickness does not change during the calibration.
However, linearity of the Langley plot does not always assure the successful extrapolation.
As pointed out by Shaw,11,12 we get an incorrect value F0 exp(-7-2) instead of Fo when the optical thickness varies with m as 'r = 'r + T2/m or parabolically with time from noon as r(t) = T1' + 7-2/t2. Thus we become aware of the necessity of monitoring the variation of atmospheric turbidity during the calibration.
The idea of using the circumsolar radiation for monitoring atmospheric turbidity can be traced back to the solar constant program of the Smithsonian Astrophysical Observatory.15,16 They utilized empirically the data of circumsolar radiation (i.e., pyranometer readings) to correct the attenuation of direct solar radiation due to aerosols in their short method. Deirmendjian17 suggested the availability of the circumsolar radiation for quantitative detection of very small amounts of aerosols and other particulates and of small changes in their concentration, size, and composition. He proposed an aureole theory in the form of a first-order perturbation of the well-known Rayleigh scattering field. O'Neill and Miller13 and ourselves14 suggested more directly the use of the circumsolar radiation in the calibration of sunphotometers.
The single-scattering approximation of the aureole intensity in the almucantar of the sun is given by
where µo is the cosine of the solar zenith angle, is the azimuthal angle measured from the solar principal plane, wo is the single scattering albedo, P(cos0) is the normalized phase function at the scattering angle 0, OSZ is the solid viewing angle of the radiometer, and cos() = µ02 + (1 -A02) cos4. Thus the intensity of singly scattered radiation in the solar almucantar is proportional to the optical thickness. The quantities T, wo, and P(cos0) in Eq. (2) are sums of respective contributions of aerosols and air molecules given by where Ta, woa, and Pa (cos())are the optical thickness, the single-scattering albedo, and the phase function of aerosols, respectively; and Tm, co., and Pm(cos0) are corresponding quantities of air molecules. The phase function is defined to satisfy the normalization integral of
If we measure the intensity of direct solar radiation and that of circumsolar radiation from a given portion of the aureole region simultaneously by a single radi--ometer, the relation in Eq. (1), when combined with Eq. (2), can be written as
The above equations show that the value of F0 can be obtained by extrapolating the plot of 1nF vs optical thickness of the slant path T* (or equivalently the ratio Fai/F) to the point of T* = 0 (or F al/ F = 0), if the factors in the Eq. (7) other than the diffuse-to-direct ratio Fai/F do not change during the calibration. Figure 1 shows the normalized phase functions of aerosols Pa(cos0) for different size distribution functions. The magnitudes of Pa(cos0) are more or less independent of the size distribution of aerosols at scattering angles around 20°. Although the single-scattering albedo of aerosols cow depends on aerosol models, it remains unchanged if the size distribution and chemical composition of aerosols do not change during the calibration. Thus, if the effect of molecular scattering is negligible or corrected precisely, the extrapolation by Eq. (6) is promising for the evaluation of calibration constant F0 under turbidity conditions actually occurring. The quantity which can be estimated from the ratio Fai/F is not T but ow unless the complex index of refraction of aerosols is given a priori. 18 The use of the diffuse-todirect ratio F01/F is essential to compensate the extrapolation error due to the temporal change of the optical thickness during the calibration. It is expected that the extrapolated value of F0 depends more or less on the change of optical properties of aerosols occurring in parallel with the change of atmospheric turbidity. This expectation will be examined by numerical simulations in the next section.
Unfortunately, the above simple idea does not apply to real conditions of the atmosphere since the contribution of multiple scattering cannot be neglected, and the normalized phase function in Eq. (7) is affected seriously by the ratio of the optical thickness of aerosols to that of air molecules. 17 The normalized phase function Pm(cos0) of air molecules crosses those of aerosols at scattering angles around 60°. However, we are reluctant to adopt such a large scattering angle for the turbidity monitoring because of the high dependency of the normalized phase function of aerosols on their size distribution as well as a large contribution of 
where the quantity R is the ratio of the intensity of 'singly scattered radiation to that of total radiation , referred to as the single-scattering ratio. The value of R depends on several parameters, such as the optical air mass m, optical thicknesses of aerosols and air molecules, Ta and Tm, complex index of refraction of aerosols m, ground albedo A, and scattering angle 0. It is expected, however, that the extrapolation of Eq. (6) depends rather weakly on these parameters.
We can, therefore, prepare a library of proper size for R assuming typical aerosol models and ground albedos. Figure 2 illustrates the values of R against the optical air mass m for X = 500 nm and various values of Ta, p, and A. The contribution of multiple scattering to the total diffuse radiation exceeds 10% even for optical thicknesses of aerosols as small as 0.05.
To estimate the intensity of singly scattered radiation from measured aureole intensity and to obtain the extrapolated value F0, we adopt an iteration scheme as shown in Fig. 3 sols and ground albedo, we have to adopt a specific model typical for that location and season. The single-scattering albedo woa, normalized phase function Pa(cos8), and optical thickness Ta of aerosols are estimated theoretically for that aerosol model. Figure 3 shows the ith step of the iteration. The calibration constant just before the ith step is denoted by Fo*. Using this value of Fo* and measured values of F and m, optical thickness T(i) and Ta(i) are obtained from Eqs. (8) and (7), respectively, and consequently the calibration constant Fo(i) from the least-square regression of Eq. (6). The iteration is terminated when the convergence criterion I Foo) -Fo*I = I dFoo)I < e (9) is satisfied. If it is not the case, steps are repeated by replacing F0* with the solution of the equation dF0 = 0, which is obtained from the values of dFo(i_l) and dFo(i) by Newton's algorithm. Obviously, the uncertainty in the viewing angle MSl does not affect the result of calibration. Uncertainties in w0 and P(cos6) do not also affect the calibration constant if they are unchangeable during the calibration. and m = 1.50-0.Oli, respectively, where n(r)dr is the number density of particles between radii r and r + dr.
The most typical value of the exponent p is 4.2 in continental air masses prevailing in the cold season in Sendai, Japan.19 Figure 4 shows the values of the function dF0 against Fo* for A = 369 nm (broken line) and 500 nm (solid line). True values of the calibration constants are assumed to be unity for both cases. Very acute minima of dF0 are found at F0 = 1.0002 and 1.0007 for 369 and 500 nm, respectively, i.e., just around the true values. It can be expected from the figure that uncertainties in the calibration constant are less than ±0.5% if the rms error of the data does not exceed the limit of ±1%.
The parabolic variation of the optical thickness with time gives a straight Langley plot as suggested by Shaw.11 In Fig. 5 and Table I are shown the results of numerical simulation for turbidity conditions varying as where Tao is the optical thickness of aerosols at noon, a is Shaw's parabolic drift parameter, and t is the time difference (in hours) from noon. The values of a were assumed to be 0, 0.011, and -0.011; corresponding changes of Ta are 0, 10, and -10% for 3 h around noon. Simulated data were adopted for seventeen values of the optical air mass ranging from 4.5 to 1.5. It is evident that the usual Langley-plot method predicts systematically larger or smaller values of F0 for finite values of a in spite of an excellent linearity in the respective plots, while the prediction by Eq. (6) is independent of the values of a. The uncertainty in F0 is less than ±0.3% for our method, whereas that for the usual Langley-plot method amounts to ±15% for a = ±0.011 (Table I) .
Since the single-scattering ratio R depends on many optical parameters of the atmosphere, it is necessary to examine the effect of these parameters on the result of extrapolation by Eq. (6). Table II shows the error in F0 when the assumed size distribution of aerosols differs from the true distribution. In the first two cases, the value of the exponent p in Eq. (10) was assumed to be 4.2 instead of its true values of 4.0 and 4.5, respectively. Obviously, the Langley-plot method is free from such kind of error. The error of our method increases with an increase (or a decrease) of the optical thickness of aerosols (or wavelength). The maximum error amounts to 0.75% for p = 4.5 and X = 369 nm. The succeeding two cases show the error when the size distribution of aerosols changes during the observation. A fixed value of 4.2 was assumed for the exponent p instead of its true values changing from 4.0 to 4.5 and from 4.5 to 4.0, with optical air masses changing from 4.5 to 1.5. Since we assumed fixed values of 0.05 and 0.1 for the optical thickness of aerosols at X = 500 nm, optical thicknesses are changeable with the temporal variation of the exponent p for the other wavelengths. By this effect, results of the Langley-plot method are also affected by the change of the size distribution of aerosols. The maximum error of our method is -1.5%, whereas that of the Langley-plot method amounts to 5%. Table III shows the error when the assumed value of the complex index of refraction of aerosols differs from the true value. The Langley-plot method is independent of such kind of error. The result of our method is more influenced by the error in the imaginary part than that in the real part of the index of refraction of aerosols.
This tendency is attributed to the fact that the diffuse intensity decreases with a decrease of the optical air mass more rapidly for smaller values of the imaginary part and vice versa.
The value of F0 is, therefore, overestimated or underestimated according to the overestimation or underestimation of the value of the imaginary part.
The errors of our method are within ±1%, except for the case of X = 369 nm, Ta = 0.288, and mi = 0.03, for which the error amounts to 4%.
In addition, to examine the effect of short-time variations of atmospheric turbidity or of observation error, we applied our calibration scheme to the simulated data with random errors of a = 0.5% but showing no diurnal trend of Ta. Our scheme is found to be fairly independent of such random errors as in the usual Langley-plot method.
The rms errors of the calibration constant obtained from twenty independent runs are 0.25 and 0.41% at X = 500 nm and 0.25 and 0.29% at A = 862 nm for the present method and the Langleyplot method, respectively.
IV. Verification of the Method by Observations
The validity of the method was examined by applying for the actual data obtained in Sendai, Japan. The instrument used was a scanning radiometer (aureolemeter) which can measure both direct-solar and circumsolar radiations almost simultaneously. A silicon photodiode (Hamamatsu Photonics Co., S1336-8BQ) and interference filters with central wavelengths of 369, 500, 675, 776, and 862 nm (Koshin Kogaku Co., BWB series) were used as the detector and monochromator, respectively. The full field-of-view angle of the radiometer is -1.0°, which alows us to aim at the solar disk without difficulty. A well-designed sun-shade hood of 65-cm length allows the measurement of the aureole intensity at scattering angles of 0= 1.5° without serious contamination of the reflected solar radiation. The aureolemeter is mounted on an equatorial driven by a clock-synchronous motor, which is further mounted on a horizontal turntable. Further informations of the aureolemeter are shown in Table IV. The results of calibration by the present method are shown in Fig. 6 and in more detail in Table V . The complex index of refraction of aerosols and the ground albedo are assumed to be 1.50-0.Oli and 0.1, respectively. In Fig. 6 , we plotted 1nF against T* 6,52 instead of T* or Fa1/F, because the calibration of the viewing angle of the radiometer was not established.
It is expected from Eqs. (6) and (7) that all data points are plotted on a single regression line of slope AS2, if optical properties of aerosols are exactly known. Separation of the respective plots into respective regression lines is, therefore, attributed to uncertainties in aerosol models. Nevertheless, uncertainty of the calibration constant is much smaller for the present method than for the Langley-plot method. In Table V , we first analyzed the data by assuming the value of the exponent p to be 4.2 (Method F) and then reanalyzed the data by use of the exponent estimated from the log-log plot of the optical thickness of aerosols vs wavelength (Method P). The difference between both treatments is insignificant, as expected from the result of simulation shown in Table II . The rms errors of our method are -3% for X = 369 nm and 0.5% for the other wavelengths, while those of the Langley-plot method (Method L) are -3% for all wavelengths. The rms errors of the calibration constants are approximately in accord with the rms errors of the respective plots for the present method but are much larger than those of the respective plots for the Langley-plot method. This fact suggests that the results of the Langley-plot method are affected by systematic variations of the optical thickness of aerosols as in Eq. (9). The calibration constants by the Langley-plot method are larger or smaller than those by the present method according to circumstances. This fact suggests the occurrence of both aerosol loadings parabolically increasing and decreasing with time. The magnitudes of the error indicate that the number of times of calibration required for the present method is much smaller than for the Langley-plot method to attain the same accuracy. Large uncertainties for X = 369 nm may be attributed to several reasons so that the relative sensitivity of our aureolemeter for X = 369 nm is -1/10 for the other wavelengths, that the multiple-scattering correction is too large to retrieve the single-scattering intensity with required accuracy, and that the normalized phase function in Eq. (5) is affected significantly by the change in the optical thickness of aerosols due to the large contribution of Rayleigh scattering. We presented and evaluated a new method of calibration of the sunphotometer, in which simultaneous measurements of circumsolar radiation are incorporated.
The plot of the logarithm of the measured intensity of direct solar radiation vs diffuse-to-direct ratio is shown to be much more effective for the extrapolation of the radiometer reading to zero air mass than the usual Langley-plot method unless the Rayleigh scattering dominates and the multiple scattering is significant.
The accuracy of the present method is 5-10 times as high as the Langley-plot method for wavelengths of X > 500 nm.
Since the aureole intensity is approximately proportional to coo-r, we can estimate both values of COOT and r from the combined data of direct-solar and circumsolar radiation.
It is promising to determine the singlescattering albedo of the turbid atmosphere . and the complex index of refraction of aerosols from these quantities.
Thus the use of scanning radiometers which are able to measure both direct and circumsolar radiations simultaneously is recommended not only for their advantages in the calibration point of view discussed in this paper but also for monitoring the atmospheric turbidity itself.
